Metakirchheimerite was found only on a few samples from the Jan Evangelista vein at the "Adit level" of the Svornost shaft, Jáchymov (St. Joachimsthal) ore district, Krušné Hory/Erzgebirge Mountains, Czech Republic. It forms rare crystalline aggregates consisting of fine tabular crystals reaching 0.1 mm in size, which are very brittle, having light pink to light orange colour, with a high vitreous lustre. Metakirchheimerite crystalline aggregates occur on carbonate gangue with disseminated primary minerals: arsenopyrite, uraninite and skutterudite. Studied metakirchheimerite is a (sub-)recent alteration product of the primary minerals, connected to the old open mine adit environment. According to electron microprobe analyses, the empirical formula of metakirchheimerite can be expressed, based on As + P = 2 apfu, as: . Both infrared and Raman spectra of metakirchheimerite exhibited stretching and bending vibrations of (UO 2 ) 2+ , (AsO 4 ) 3-, (PO 4 ) 3-and H 2 O groups. The vibration bands of all these units were tentatively assigned. The U-O bond lengths in uranyl and O-H…O hydrogen bond lengths, which were inferred from the spectra, are consistent with published crystal structure data for a synthetic analogue of metakirchheimerite.
Introduction
The importance of understanding uranium mineralogy and chemistry is closely connected with the broad issue of spent nuclear fuel ("SNF") alteration (Finch and Ewing 1992; Wronkiewicz et al. 1992 Wronkiewicz et al. , 1996 Finn et al. 1996; Murakami et al. 1997; Finch et al. 1999; Fayek et al. 2000; Shueneman et al. 2003; Procházka 2007; Procházka et al. 2009 ), waste management and environmental issues (e.g. Catalano et al. 2004 Catalano et al. , 2006 . Hydrated uranyl arsenates of divalent transition metals are more or less abundant minerals of the secondary origin in the supergene zones of most uranium deposits (Finch and Murakami 1999) . A group of hydrated uranyl arsenates and phosphates, with autunite-type sheet containing divalent cations in their interlayer, is represented by a general formula [6] M 2+ (UO 2 ) 2 (TO 4 ) 2 ·nH 2 O (T is P or As), where n is 12, 10 and 8 most frequently. Divalent cations including Co, Ni, Mg, Fe, Mn and Zn occupy six fold-coordinated M 2+ sites (Locock et al. 2004; Locock 2007a, b) . This paper presents new mineralogical data on a rare hydrated cobalt uranyl arsenate -metakirchheimerite, found recently in Jáchymov (St. Joachimsthal), Czech Republic. No recent and detailed data for metakirchheimerite have been published on natural specimens since Walenta's studies (Walenta 1958 (Walenta , 1964 .
Previous studies
Metakirchheimerite was described as a new mineral by Walenta (1958) from the dump of the Sophia shaft in Wittichen, Baden, Germany. On the type locality metakirchheimerite forms coatings of tetragonal tabular crystals coming in association with metakahlerite, nováčekite, metaheinrichite and erythrite on weathered uraninite.
These coatings have light pink colour, single crystals are green-yellow to colourless. Metakirchheimerite is non-pleochroic, with pearly lustre on cleavage planes; cleavage is excellent along (001). According to Walenta (1958) , metakirchheimerite is optically uniaxial or biaxial, negative, with ω 1.644(2), ε 1.617(2) and 2V of 0-20°. The chemical analyses proved Co, U and As as the main constituents of metakirchheimerite, accompanied by minor Fe and traces of Ni. Walenta (1958) proposed the ideal formula Co(UO) 2 (AsO 4 ) 2 .8H 2 O, and assigned metakirchheimerite to metatorbernite group. The mineral is named to honour German geologist and palaeontologist Franz Waldemar Kirchheimer (1917 Kirchheimer ( -1984 , an author of an important uranium monography (Kirchheimer 1963) . Walenta (1964) published powder diffraction data for natural metakirchheimerite and for a synthetic dodecahydrate phase "kirchheimerite" -not approved as (a valid) mineral. Weight loss obtained for metakirchheimerite from thermal analysis corresponds to the sum of 15 wt. %, and the content of 8.59 moles H 2 O in its crystal structure. The DTA curve shows endotherms at 115, 195, 300 and 1005 °C, and slight exotherms at > 620 °C. Regarding the powder X-ray diffraction, Walenta (1964) mentioned problem with indexing the powder pattern. He stated that this problem could be solved after doubling the c dimension of the unit-cell and correction of the a parameter. Since Walenta's times, further scientific papers were based on the study of synthetic metakirchheimerite analogues. Nabar and Iyer (1977) reported preparation of octahydrates of zinc, nickel and cobalt uranylarsenates and their physico-chemical properties. Based on systematic absences in powder diffraction patterns, they assigned synthetic metakirchheimerite to the space group P4 2 /m, with unit-cell parameters a 6.98(2) Å and c 16.93(2) Å, the unit-cell volume V 825 Å 3 and density of 4.042 g . cm -3 (measured) and 4.111 g . cm -3 (calculated). Vochten and Goeminne (1984) published the synthesis, crystallographic data, solubility products and electrokinetic properties of synthetic metazeunerite, metakirchheimerite and, by that time unknown in natural occurrence, uranylarsenate of nickel (corresponding to new mineral IMA-2008 -50 -metarauchite, Plášil et al. 2008 Plášil 2009 ). Vochten and Goeminne (1984) described synthetic metakirchheimerite as heptahydrate, which is in contrary both to the results of Walenta (1964) and to the currently used definition. Based on X-ray powder diffraction data, they reported that assignment of hkl indices is not reliable, if it is based of unit-cell parameters given by Walenta (1964) . Moreover, none of the three published powder diffraction patterns is consistent, differing namely in number of diffractions and intensities (Walenta 1964; Vochten and Goeminne 1984; Nabar and Iyer 1977) . Based on the results of thermal analysis, Vochten and Goeminne (1984) Locock et al. (2004) reported solved crystal structure for a synthetic analogue of metakirchheimerite (named as "CoUAs8") and also for synthetic dodecahydrate, corresponding to up to now species with doubtful status, "kirchheimerite". In the asymmetric part of the synthetic metakirchheimerite unit-cell, two structurally non-equivalents U atoms, two non-equivalent As atoms, a single Co atom, and 20 O atoms are present. The crystal structure ( Fig. 1) consists of the uranyl tetragonal bipyramids (UO 2 )O 4 linked by arsenate tetrahedra along (011), resulting in sheets of the autunite topology. Cobalt-based octahedra in the interlayer are formed by five H 2 O groups and one shared uranyl-apical oxygen atom that links the octahedron directly to the structural sheets. In addition, three non-equivalent H 2 O molecules are located in the interlayer, held only by hydrogen bonding. 
Occurrence
Samples containing the later identified metakirchheimerite originate from the Jan Evangelista (Johannes Evangelist) vein at the "Adit level" of the Svornost shaft, the Jáchy-mov ore district, Krušné Hory Mts., Bohemia, Czech Republic. The Jan Evangelista vein is one of the most important in the Svornost mine-area, carrying both Ag-AsBi-Co-Ni and U mineralization, which were intensively mined since 16 th till 20 th century. Detailed geological settings and characteristics of the veins and mineralization were described mainly by Ondruš et al. (2003a-d) .
Two samples, represented only by fragments approximately 1×1×1.5 cm in size, consist of the carbonate gangue (dominantly calcite and minor dolomite) with disseminated small grains of primary mineralization, represented mainly by skutterudite, uraninite and arsenopyrite. The surfaces of these fragments are coated by small crystals and crystal aggregates of metakirchheimerite ( Fig. 2) . The aggregates are up to 2 mm long, consisting of fine tabular crystals, maximally up to 0.1 mm (Fig. 3) . The crystals are of light pink to grey-pink colour, with a pearly lustre. Crystals are very brittle with excellent cleavage, corresponding with pinacoid (011) (Fig. 4) .
Results

X-ray powder diffraction
A hand-picked sample of metakirchheimerite was prepared for the X-ray powder diffraction experiment using the continuous mode of the PANalytical X'Pert Pro powder diffractometer operating at 40 kV and 30 mA, equipped with the X'Celerator detector and the secondary graphite monochromator. The powder diffraction pattern obtained with the Bragg-Bretano geometry exhibited effects of a strong preferred orientation due to the excellent (011) cleavage of metakirchheimerite. This effect was particularly notable as high intensities of the diffraction maxima of the type 0kl, whereas profiles of other diffractions had a low intensity and were poorly defined.
To avoid these problems, experiment with the DebyeScherrer geometry was undertaken. The effects of the preferred orientation were nearly eliminated, but the chart is characterised by a lower definition of diffraction profiles,
Tab. 1 Powder diffraction patterns for metakirchheimerite from Jáchymov
Calculated from the crystal structure of "CoUAs8"* Jáchymov a higher background, and a relatively low peak to background ratio. The position of each diffraction maximum in both diffraction patterns was refined using PearsonVII profile shape function by the Xfit software (Coelho and Cheary 1997). The unit-cell parameters were refined with the Celref software (Laugier and Bochu 2002) .
The powder diffraction data obtained in the BraggBrentano and Debye-Scherrer settings are presented in Tab. 1 together with calculated theoretical values d calc obtained from the crystal structure data for synthetic metakirchheimerite (Locock et al. 2004 ). In addition, the diffraction data for natural metakirchheimerite published by Walenta (1964) are included in Tab. 1. Compared to the latter, the new diffraction data obtained in the current study are more complete. The refinement of the unit-cell parameters was based on the positions of 39 (DebyeScherrer) and 21 (Bragg-Brentano) diffraction maxima (Tab. 1) obtained from the profile fitting. Hkl indices were assigned to the observed diffractions on the basis of the theoretical positions, inferred from the crystal structure of synthetic metakirchheimerite (Locock et al. 2004 Besides slightly dominant Co atoms (0.49-0.63 Co apfu) at A site, the presence of several isomorphic components was observed (Fig. 5) . These are represented namely by Mg (up to 0.29 apfu), Ni (up to 0.09 apfu) and Zn (0.10 apfu) contents, corresponding to metanováčkeite (Mg), metarauchite (Ni) and metalodèvite (Zn) isomorphic components. Only negligible contents (up to 0.02 apfu) of (PO 4 ) 3-anions were detected, indicating major prevalence of (AsO 4 ) 3-ions in source fluids. The molecular water content could not have been assessed directly in the studied material due to small amount of the sample available. Therefore, the water content was inferred based on theoretical value for the synthetic metakirchheimerite, an octahydrate (Locock et al. 2004 ).
Vibrational spectroscopy
The infrared spectrum of metakirchheimerite was recorded by DRIFTS method on the Nicolet Magna 760 FTIR spectrometer (range 4000-600 cm -1 , resolution 4 cm -1 , 128 scans, Happ-Genzel apodization), equipped with Spectra Tech InspectIR micro FTIR accessory. Samples were mixed with KBr without using a pressure, to avoid dehydration or reactions in solid state, and immediately measured. The same KBr was measured as a reference. The Raman spectrum (1100-170 cm -1 ) was collected with a dispersive Raman spectrometer Labram HR (Jobin Yvon) with a confocal Olympus microscope. The Raman signal was excited by a 730 nm laser and detected with a multichannel air-cooled CCD camera. The laser power was limited to 10 mW. Data processing was performed under Omnic Spectral tools software.
Neither infrared, nor Raman spectra of natural metakirchheimerite have been published yet. Vochten and Goeminne (1984) only mentioned that synthetic uranyl arsenates containing Co, Ni and Cu exhibit the same vibrational characteristics. Chernorukov et al. (2000) published infrared spectra for synthetic metakirchheimerite and not approved "kirchheimerite" with assigned vibration bands. In the study of Plášil (2009), the infrared and Raman spectra of metalodèvite were presented, which seem to be similar with the present assignment of metakirchheimerite spectra (Tab. 4).
Stretching O-H, bending H-O…H vibrations
A sharp infrared band at 3521 cm -1 (Fig. 6 ) is assigned to the ν OH stretching vibration of only weakly hydrogen bonded water molecules, whereas a broad infrared band at 3123 cm -1 , also attributed to the ν OH stretching vibrations, is connected with more strongly hydrogen bonded water molecules. According to Libowitzky (1999) , the tops of these bands are close to the O-H...O hydrogen bonds 2.94 and 2.69 Å, respectively. This proves that structurally non-equivalent hydrogen-bonded water molecules are present in the crystal structure of metakirchheimerite. This interpretation is supported by the fact that three corresponding infrared bands are observed in the region of the ν 2 (δ) H 2 O bending vibrations at 1617 (shoulder), 1568 (maximum) and 1526 cm -1 (Fig. 6) , and also by thermogravimetric analysis (Vochten and Goeminne 1984) . The crystal structure analysis of synthetic metakirchheimerite (Locock et al. 2004) 4 3-]; in the brackets is cited the assignment proposed by Chernorukov et al. (2000) . Based on singlecrystal study of synthetic metakirchheimerite analogue, Locock et al. (2004) . These values can be compared with those inferred from the Raman and infrared spectra. A comparison of experimental Raman and infrared spectra is displayed in Fig. 8 , which can be helpful in understanding the overlapping bands and their assignments. As an approximation, it can be assumed that infrared shoulders at 930 cm -1 and 908 cm -1 are connected with the ν 3 UO 2 2+ antisymmetric stretching vibration, the strong band at 830 cm -1 (IR) to the ν 3 AsO 4 3-triply degenerate antisymmetric stretching vibration overlapping the ν 1 (UO 2 ) 2+ and ν 1 (AsO 4 ) 3-stretching bands, that must have lower intensities than antisymmetric modes in the infrared spectrum. The Raman shoulder at 908 and maximum at 896 cm -1 are assigned to the ν 3 (UO 2 ) 2+ symmetric stretching vibration. The number of bands is caused by presence of two non-equivalent U atoms in the crystal structure, which is supported by the results of factor group analysis. 
Co
2+ atom. A network of hydrogen bonding was proposed by Locock et al. (2004) , based on O … O interatomic distances in the range 2.7 to 3.2 Å (Fig. 1) . A band at 735 cm -1 (a shoulder with maximum) was assigned to libration modes of water molecules (Čejka 1999 The vibration modes assignment of these units is rather difficult due to extensive overlapping of the bands in the region between ca. 950-800 cm -1 (Figs 6-7) , regarding stretching modes of AsO 4 groups and uranyl ion. Based on empirical relation given by Bartlett and Cooney (1989) the following U-O bond lengths were obtained from the wavelengths that could correspond to the uranyl stretching vibrations, observed in the both spectra: the infrared bands (Fig. 6) (Fig. 6 ) are attributed to the split ν 3 PO 4 3-triply degenerate antisymmetric stretching vibration, and those at 650 and 630 cm -1 to the splitting ν 4 (δ) PO 4 3-triply degenerate bending vibration. Broad Raman bands at 449 and 320 cm -1 (Fig. 7) are assigned to the ν 4 (δ) AsO 4 3-triply degenerate and ν 2 (δ) AsO 4 3-doubly degenerate bending vibrations, respectively. A shoulder at 206 cm -1 is attributed to the ν 2 (δ) UO 2 2+ bending vibration and that at 191 cm -1 may be connected with lattice modes.
Notice on the occurrence of metakirchheimerite in the nature
There are only two reported localities of metakirchheimerite worldwide: Sophia Mine in Wittichen, Germany (Walenta 1958) and Jáchymov ore district, Czech Republic (Ondruš et al. 2003c ). The reasons of metakirchheimerite rarity are only poorly understood at present. The association of cobalt arsenides with uranium minerals is relatively common in uranium deposits not only in the Czech Republic (e.g., Zálesí near Javorník, Jáchymov ore district) but also e.g. in the Schlema deposit (Germany) or at Bou Azzer (Morocco). Commonly, within these localities, uraninite occurs on the calcite-dolomite veins. During the alteration of primary mineralization, the local environment is probably highly saturated in Mg from dolomite, which leads to the formation of metanováčekite instead of Ni-Co uranyl arsenates. The observations on the natural samples from Jáchymov indicate that alteration of cobalt arsenides dominantly results in crystallization of erythrite, even in the environment rich in (UO 2 ) 2+ ions. In the Jáchymov ore district, a Ni-dominated hydrated uranyl arsenate -metarauchite (IMA 2008-050) (Plášil et al. 2008 ) is by far more abundant than metakirchheimerite. The chemical similarity of Co and Ni suggests that an analogous behaviour of these elements could be expected in supergene processes. It indicates that under oxidation conditions cobalt and nickel exhibit slightly different behaviour but the problem is actually poorly understood (V. Ettler, person. comm. 2009 ). On the other hand, the more or less inconspicuous appearance of metakirchheimerite, in contrast to secondary minerals coloured by Co 2+ (or Ni 2+ ), may be an important factor. It is possible that metakirchheimerite remains unnoticed at numerous localities.
